The finding that negatively charged phospholipids activate the plasma-membrane (Ca21+ Mg2+)-ATPase and that polycations counteract this stimulation suggest that negative charges in the environment of the ATPase protein could be important for its function. The aim of the present work was to investigate whether changing the charges on the ATPase protein itself by modifying the pH within the physiological range affects the activity of the purified plasma-membrane Ca2`pump from stomach smooth muscle. Increasing the pH from 6.9 to 7.4 and using 1,2-bis(o-aminophenoxy)ethane-NNN'N'-tetra-acetic acid (BAPTA) as a Ca2b uffer, doubled the ATPase activity at 0.3 gM-Ca2+ in the presence of 1000 phosphatidylcholine (PC) or after substituting 20 % of the PC by negatively charged phospholipids PtdIns, PtdIns4P, phosphatidylserine and phosphatidic acid. This stimulatory effect was due to an increased affinity of the enzyme for Ca2 , while the Vm.ax remained unaffected. In the case of Ptdlns(4,5)P2, a stimulatory effect upon alkalinization was only observed at a PtdIns(4,5)P2 concentration of 10%. When a concentration of 200 was used, alkalinization decreased the Vmax. and no stimulatory effect on the ATPase at 0.3 gM-Ca21 could be observed.
INTRODUCTION
The resting intracellular pH in smooth-muscle cells ranges between 7.1 and 7.2 [see Wray (1988) for a review]. Forskolin, 8-bromo-cyclic AMP and isoprenaline increase the pH from 7.2 to 7.4 in cultured rat aortic smooth-muscle cells of the A7r5 cell line (Vigne et al., 1988) and from 7.1 to 7.25 in primary cultures of vascular smooth-muscle cells of rat thoracic aorta (Owen, 1986) . Stimulation of vascular smooth-muscle cells by angiotensin II and thrombin results in an initial acidification by 0.1 pH unit, followed by a more prolonged alkalinization by 0.1-0.15 pH units (Berk et al., 1987a,b; Hatori et al., 1987; Huang et al., 1987) . The activation of the Na+/H+ antiporter and a resulting cellular alkalinization is considered to be a general response to agonists that stimulate phospholipase C and activate the protein kinase C signalling pathway (Vigne et al., 1988) .
It was therefore of interest to study the effect of these small pH changes on the activity of the plasma-membrane Ca2+ pump. Although EGTA is routinely used for buffering Ca21 in the micromolar and submicromolar range, the nitrogen atoms in EGTA bind protons with PKa values of 8.96 and 9.58 (Martell & Smith, 1982) , making the Ca2' buffering level of EGTA strongly dependent on pH variations around 7. Tsien therefore developed 1,2-bis(o-aminophenoxy)ethane-NNN'N'-tetra-acetic acid (BAPTA), an analogue of EGTA, which has much lower pH sensitivity (Tsien, 1980; Harrison & Bers, 1987) . Using this new Ca2" buffer, we could observe that small changes in pH had a profound influence on the activity of the (Ca2" + Mg2+)-ATPase.
EXPERIMENTAL
The delipidated plasma-membrane Ca2+-transport ATPase was purified from the antral part of pig stomach smooth muscle using calmodulin-affinity chromatography and, unless otherwise indicated, was reactivated by phospholipid mixtures at a ratio of 1 mg of phospholipid/mg of protein, as described elsewhere (Missiaen et al., 1989 A plasma-membrane fraction was prepared from stomach smooth muscle as described previously . (Martell & Smith, 1982) . The association constants for BAPTA were: H-BAPTA, 6.36; H-HBAPTA, 5.47; Ca-BAPTA, 6.97 and Mg-BAPTA, 1.77 (Tsien, 1980) . From the Ca2"-activation curves, the Vmax and the Ko.5 (concentration at which half-maximal binding occurs) for Ca2" were calculated by computerized non-linear curve fitting using the Hill equation. The Hill coefficient of these Ca2"-activation curves ranges around unity (Missiaen et al., 1989) . The
Hill coefficient was however not constrained to unity for the computer fitting. Proteins were measured using the method of Lowry et al. (1951) , with serum albumin as a standard.
Statistical analysis was performed by Student's t test for unpaired data. Table 1 illustrates the specific activity of the purified (Ca2l + Mg2+)-ATPase at 0.3,u/M-Ca2+ in the presence of different phospholipids at pH 6.9 and 7.4. The purification of this enzyme in the absence of lipids yields an inactive ATPase that can be reactivated by adding phospholipids (Vrolix et al., 1988; Missiaen et al., 1989) . As reported previously, PC was the least potent lipid and Ptdlns(4,5)P2 exerted the most pronounced effect at pH 6.9. Increasing the pH from 6.9 to 7.4 increased the ATPase activity in the presence of PC, Ptdlns, PtdIns4P, PS and PA. The absence of an effect on the enzyme in the presence of 20 0 Ptdlns(4,5)P2 was not unexpected (see Discussion section). At 10 0 Ptdlns(4,5)P2, alkalinization stimulated the enzyme by 73 + 6 o (n = 4). Fig. I illustrates the effect of increasing the pH on the ATPase activity. A small change of 0.1 pH unit around the physiological range of 7.1-7.2 (Wray, 1988) (Berk et al., 1987a,b; Huang et al., 1987) .
RESULTS
Our results indicate that alkalinization of the Ca2+_ pump protein increases its affinity for Ca2+, while the VMax. [except in the presence of Ptdlns(4,5)P2] remains unchanged. The increase of the Ca2' affinity was independent of the lipid used to activate the ATPase. This suggests that the observed effects of pH were not exerted on the surrounding lipids, but were exerted directly on PtdIns(4,5)P2 can be explained. We have observed that increasing the levels of PtdIns(4,5)P2 surrounding the ATPase up to 20 % stimulates the enzyme, while higher concentrations decrease the activity again (Missiaen et al., 1989) . This inhibition is related to the observation by Nelson & Hanahan (1985) (Himpens et al., 1988) , but peak levels up to 1000 nm have been reported (Reynolds & Dubyack, 1986) . Ca2+ levels within stimulated cells are therefore of the same order of magnitude as those required for half-maximal stimulation of the Ca2+ pump. The reduction in K145 for Ca2+ induced by alkalinization could therefore be of physiological relevance.
The modulation of the activity of the Ca2+-extrusion pump by intracellular pH could be important for the regulation of intracellular Ca2 . Cyclic AMP has been reported to increase the efflux of "5Ca2+ from smoothmuscle strips within minutes after its addition (Biilbring & den Hertog, 1980; Sunagane et al., 1985) , while an effect of cyclic AMP-dependent protein kinase on the purified Ca2`pump could not be demonstrated (Vrolix et al., 1988) or could only be demonstrated after incubation for more than 15 min with a high concentration of the kinase (Neyses et al., 1985) . Because cyclic AMP increases intracellular pH (Owen, 1986; Vigne et al., 1988) and an increased pH stimulates the Ca2+ pump (this work), it would be of interest to investigate whether such alkalinization could be responsible for the cyclic AMPdependent increase of the Ca2' extrusion from the cell.
Received 19 April 1989 /31 May 1989 accepted 20 June 1989 In conclusion, small changes in the pH within the physiological range modulate the activity of the plasmamembrane Ca2" extrusion pump in smooth muscle by changing its activity for Ca2" via an interaction with the cytoplasmic site of the protein. The finding that this effect was independent of the lipid used suggests that pH affects the ATPase by a direct effect on the protein and not by influencing the surrounding lipids. The functional consequences of this effect for the Ca2"-regulation of the intact cell has to be investigated further.
